tural proteins, the capsid (C), small membrane (M), and major envelope (E) proteins. Seven nonstructural proteins (NS1, NS2a, NS2b, NS3, NS4a, NS4b, and NS5) are synthesized in virus-infected cells. Both viral receptor binding and fusion domains reside within the E protein, and antibodies against this protein can neutralize virus infectivity and confer protection against disease (3) .
Vaccine development for dengue has been difficult because simultaneous protection against all four serotypes is necessary. Protection against one or two serotypes may actually enhance the risk of subsequent infections with other serotypes, thereby putting the subjects at risk of acquiring dengue hemorrhagic fever or dengue shock syndrome. It is generally believed that a successful dengue vaccine must contain a tetravalent mixture of appropriate doses of each serotype. No vaccine is available at this time, although there are a few promising live attenuated vaccine candidates in the late stages of development (5, 6, 17, 18, (33) (34) (35) .
We previously reported the construction and preclinical evaluation of four chimeric YF-DEN (ChimeriVax-DEN1 to -4) virus vaccine candidates in mice, monkeys (8) (9) (10) (11) , and mosquitoes (14, 16) . Recently, a phase I clinical trial of the ChimeriVax-DEN2 vaccine virus was successfully completed as "proof of principle" (S. Kitchener, F. Guirakhoo, K. Mc-Carthy, D. Morrison, S. Yoksan, and T. P. Monath, unpublished data). The premembrane (prM; precursor of M) and E genes used for construction of the ChimeriVax-DEN1 to -4 viruses were derived from wild-type (wt) DEN viruses isolated from humans, and the attenuation of DEN virus chimeras was mainly driven by the NS gene component of the YF 17D virus in the chimeric vaccine virus. The ChimeriVax-DEN1 and -DEN2 vaccines, but not the ChimeriVax-DEN3 and -DEN4 vaccines, accumulated mutations within their E genes when they were produced in Vero cells (10, 31) . The effect of these mutations on the neurovirulence (NV) of the virus strains was determined in 4-day-old suckling mice. Mutations in the ChimeriVax-DEN2 vaccine did not affect its NV for suckling mice or its immunogenicity in monkeys (10) . However, a single mutation (A to G at nucleotide [nt] 1590) resulting in an amino acid substitution from K to R at residue E204 in the E protein of the ChimeriVax-DEN1 vaccine was found to reduce NV in mice. Prior to including this mutant virus in a tetravalent vaccine formulation for human use, it was necessary to assess the safety of the virus with a reversion to the wt amino acid residue (K) at E204 in relevant models, including monkeys, human hepatoma cell lines, and mosquito vectors.
In this study, ChimeriVax-DEN1 strains with wt and mutant E-protein components were evaluated in suckling mice and monkeys inoculated by the subcutaneous route (s.c.; the intended route for human immunization) or the intracerebral route (i.c.; standard safety test used for release of the YF 17D vaccine). The growth kinetics of these viruses were compared to those of the YF 17D and wt DEN parent viruses in a human hepatoma cell line (HepG2) and in mosquito vectors (Aedes aegypti) inoculated by the intrathoracic (i.t.) route. A possible mechanism of attenuation is discussed based on the location of the E204 residue in the DEN1 E-protein structure that was modeled after the crystal structure of DEN2 virus (25) .
MATERIALS AND METHODS

Cells and viruses.
Vero cells used for vaccine production were obtained from a qualified cell bank (Aventis Pasteur, Marcy l'Etoile, France). HepG2 cells were purchased from the American Type Culture Collection (Manassas, Va.). The production and biological activity of uncloned ChimeriVax-DEN1 (Vero passage 4 [P4] containing M39 H-to-R and E204 K-to-R substitutions; experiment 1) have been described previously (8) . The plasmid-derived mutation in the M protein of the uncloned ChimeriVax-DEN1 P4 virus was found to have overattenuated the virus and was subsequently corrected in the ChimeriVax-DEN1 strain used for this study (10) . Plaque-purified ChimeriVax-DEN1 viruses (clone B [E251 V3F], clone C [E311 E3D], clone E [E204 K3R], and clone J [no mutation]) were prepared from an uncloned Vero P2 virus which did not contain any mutations (10, 31) . The ChimeriVax-DEN1 vaccine lot (VL) virus was produced at P10 from the premaster seed (PMS) virus (clone J, Vero P7, wt prME; experiment 2) by three passages performed according to current good manufacturing practices (cGMP) (10) . A stock of the wt DEN1 parent virus (strain PUO359, which is the donor of prME genes for the ChimeriVax-DEN1 virus) was prepared in C6/36 cells. The YF 17D vaccine (YF-VAX) was purchased from Aventis Pasteur and used without dilution or further passage.
Animal studies. All studies were performed according to an Institutional Animal Care and Use Committee-approved protocol in accordance with the USDA Animal Welfare Act (9 CFR parts 1 to 3) and the Guide for Care and Use of Laboratory Animals (30) .
Mice. The NV phenotype of DEN1 chimera clones was assessed in suckling mice. Pregnant ICR mice were purchased from Taconic Farm (Germantown, N.Y.). Suckling mice were pooled at the age of 2 to 3 days and fostered to dams (9 to 12 mice/dam). Mice were inoculated at the age of 3 to 4 days by the i.c. route with 0.02 ml of various dilutions of viruses. The mice were observed for 21 days, and mortality was recorded. The virus concentration administered to each group of animals was determined by back titration of inocula in a plaque assay on Vero cells.
Monkeys. Two experiments were performed with macaques (at Sierra Division, Charles River Laboratories, Inc., Sparks, Nev.) to assess the viscerotropism (experiment 1) and NV (experiment 2) of ChimeriVax-DEN1 viruses with or without the E204 mutation. In the first experiment, rhesus monkeys (Macaca mulatta) were inoculated with chimeric DEN1 viruses by the s.c. route, whereas in the second experiment cynomolgus monkeys (Macaca fascicularis) were inoculated by the i.c. route. Because rhesus monkeys were not available, cynomolgus monkeys (a species approved under the World Health Organization [WHO] requirements for testing the YF vaccine [37] ) were chosen for the second experiment. Prior to the second experiment, a pilot experiment with ChimeriVax-DEN1 to -4 viruses and YF-VAX was performed to assure the suitability of the cynomolgus monkeys as a replacement for rhesus monkeys. Experiment 1. A total of 12 (6 males and 6 females) experimentally naive, flavivirus-seronegative rhesus monkeys of 2.6 to 5.2 years of age, weighing 3.4 to 4.6 kg on the day prior to dosing, were assigned to three treatment groups, with each group containing 2 males and 2 females. Each animal received a single dose (ϳ5 log 10 PFU/0.5 ml in minimal essential medium containing 50% fetal bovine serum [ (10) . The uncloned virus and clone E contain the E204 K3R mutation, and clone J contains the parental genotype without mutations. The day of dosing was designated day 1. Blood samples were collected predose on day 1 and on days 2 through 11 for viremia analysis and on days 1 (predose) and 31 for neutralizing antibody analysis. Throughout the study, the animals were observed for changes in general appearance and behavior (at least twice daily), body weight (weekly), and food consumption (daily). After the last sample collection on day 31, all animals were returned to the animal colony.
Experiment 2. ChimeriVax-DEN1 PMS (clone J, P7, E204K), ChimeriVax-DEN1 VL (clone J, P10, E204R) (each at 5 log 10 PFU), and the YF-VAX reference vaccine (4.7 log 10 PFU) were administered i.c. by injection (0.25 ml) into the left frontal lobe of 18 experimentally naive, flavivirus-seronegative cynomolgus monkeys (n ϭ 6/group). The monkeys were observed for 30 days after inoculation and then were euthanized and necropsied. During the observation period, the monkeys were evaluated for changes in clinical signs (twice daily), body weight (weekly), and food consumption (daily). Clinical signs were assigned scores according to a clinical scoring system based on the WHO requirements for the YF vaccine (38) . Blood samples were collected prestudy and preinoculation on day 1 and on days 3, 5, 7, 15, and 31 for clinical pathology analysis (serum chemistry and hematology parameters). Additional blood samples were collected preinoculation on day 1 and on days 2 to 11 for viremia analysis and on days 1 (predose) and 31 for measurement of the neutralizing antibody response. At necropsy, gross pathological findings were recorded, and a complete list of tissues (liver, spleen, heart, kidney, and adrenal glands) was collected and preserved. Slides were prepared from a selected subset of tissues and examined for histopathologic findings. Histopathology of the brain and spinal cord was performed by a neuropathologist according to WHO requirements for the YF vaccine (38) . The histopathological evaluation was performed in a blinded manner. Lesions in the meninges and the brain or spinal cord matter were scored on a scale of 0 to 2, according to the following observations: grade 0, no visible lesions; grade 1 (minimal), one to three small focal, mostly perivascular infiltrates, consisting of several or more cells or very mild diffuse inflammatory infiltration; grade 2 (mild), more than three inflammatory infiltrates. The degree of NV was estimated for the target (known to reveal damage by flaviviruses) and discriminator (known to discriminate NV from attenuated strains) areas, as described previously (21, 28, 38) . For cynomolgus monkeys, the substantia nigra and cervical and lumbar enlargements of the spinal cord represent the target areas, whereas basal ganglia and thalamic nuclei are considered discriminator areas. Individual and group mean lesion scores for the target and discriminator areas were calculated separately and as a combined score.
Viremia and antibody measurements. Viremia was measured by a plaque assay on Vero cells (11, 12) . Cells were inoculated with 0.1-ml samples of sera (undiluted or diluted 1:2 or 1:10) obtained from days 2 to 11 postinoculation. The minimal level of detection in viremia assays was 1 log 10 PFU/ml. Viremia titers were expressed in PFU per milliliter. A plaque reduction method using Vero cells was used for measurement of the neutralizing antibody response to homologous viruses (chimeras or YF-VAX). In this test, a constant virus input (approximately 50 to 100 PFU) was neutralized by various dilutions of heat-inactivated test sera, and titers are expressed as the highest dilution of serum that inhibited plaque formation by 50% (plaque reduction neutralization titer [PRNT 50 ]) (28).
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Growth kinetics in HepG2 cells. HepG2 cells were grown to confluence in T25 flasks with Eagle's minimal essential medium (Vitacell) supplemented with 8% FBS (HyClone) and 1% antibiotic-antimycotic mixture (Sigma). The cells were infected at a multiplicity of infection (MOI) of 0.001 with ChimeriVax-DEN1 PMS (clone J, P7, E204K), ChimeriVax-DEN1 VL (clone J, P10, E204R), or the parent viruses (YF-VAX and wt DEN1 strain PUO359). After adsorption at 37°C for 1 h, the inocula were removed, the cells were washed with phosphate-buffered saline three times to remove unbound viruses, and growth medium was added to the cultures. Samples were removed daily for 10 days, FBS was added to a final concentration of 50% to preserve virus infectivity, and samples were stored at Ϫ70°C. Virus titers were determined by plaque assays on Vero cells, using agarose double overlays and neutral red as previously described (28) .
Mosquito infection. F4 generations of a laboratory established colony of A. aegypti from Puerto Rico were inoculated with ChimeriVax-DEN1 PMS (clone J, P7, E204K), ChimeriVax-DEN1 VL (clone J, P10, E204R), or the reference parent viruses (YF 17D and wt DEN1 strain PUO359). To avoid potential infection barriers in the midgut that are associated with oral feeding, we anesthetized the mosquitoes in the cold and inoculated them i.t., using a microcapillary needle that had been pulled to a point with a Narishige (Tokyo) needle puller. Approximately 0.34 l of virus standardized to 6.0 log 10 PFU/ml was injected into each mosquito (2.5 log 10 PFU/mosquito). Inoculated mosquitoes were maintained in cartons at 27°C with 80% humidity and 5% sugar water. Three mosquitoes per infection were removed at 48-h intervals for 10 days. Mosquitoes were frozen at Ϫ70°C until they were used for assays. Infectious virus titers were determined by real-time reverse transcription-PCR (TaqMan). Primers and probes were designed with the PrimerExpress software package (PE Applied Biosystems, Foster City, Calif.). The TaqMan probes were labeled at the 5Ј end with the FAM reporter dye and at the 3Ј end with a dark quencher dye. The ChimeriVax-DEN primers were serotype specific, whereas the YF 17D primers detected both ChimeriVax-DEN and YF 17D viruses (14) .
Molecular modeling. A molecular model of the E protein of DEN1 virus (strain PUO 359) was developed by homology modeling, with the structure of DEN2 virus as a starting point (25) . The DS Modeling 1.1 (Accelrys, San Diego, Calif.) software package was used to develop the DEN1 virus homology model. The K3R substitution was built into the DEN1 virus model by allowing a 5-Å radius for movement of the amino acid side chains. For comparisons of the mutant and wt E proteins, both structures were superimposed by sequence alignment, and amino acids showing significant changes in position in the vicinity of the substitution were identified by inspection.
Statistical analyses. Differences in the NV phenotypes of viruses inoculated into suckling mice were analyzed for significance by product-limit survival fit, and probability was calculated by a log-rank test. All other probability analyses between two groups or among groups of animals were performed by analysis of variance. Observed significance probabilities of 0.050 or less are often considered evidence that an analysis of variance model fits the data. All analyses were performed with JMP software, version 5.1.
RESULTS
NV properties of various clones of DEN1 chimeras in suckling mice. During PMS production of the DEN1 chimera, 10 different plaque-purified clones (A to J) were sequenced (entire genome) to identify a clone with no amino acid substitutions. All but one clone (J) contained one or two substitutions within the envelope protein E (31). The uncloned DEN1 (wt prME, Vero P2) virus and representatives of cloned viruses were evaluated for their NV following i.c. inoculation of 3-to 4-day-old suckling mice ( Table 1) . The NV of all DEN1 viruses, inoculated at doses of 1.8 to 5.8 log 10 PFU, was significantly lower than that of YF-VAX, inoculated at 2.5 log 10 PFU (P ϭ 0.001; log-rank test). Mice inoculated with chimeric DEN1 viruses at similar or higher doses than those of YF-VAX showed a longer average survival time (AST) ( Table 1) . Clone E, which contained two mutations (one nucleotide change at position 1590 [A3G] that resulted in a K3R substitution and one nucleotide change at position 3952 [A3T] that was silent), was significantly less virulent (P ϭ 0.0001; log-rank test) than all other DEN1 clones, with an AST of 13 to 15 days. Interestingly, the only amino acid change identified in the E protein of the original, uncloned DEN1 chimera (Vero P4) was also the E204 K3R substitution. This virus was previously shown to induce a low level of viremia (mean peak titer, 0.7 log 10 PFU/ml) for 1.3 days after s.c. inoculation into monkeys (8) . Clone J, which contained no mutations and was shown to be significantly less NV than YF-VAX in 4-day-old mice (P ϭ 0.001; log-rank test) ( Table 1) , was selected for production of the cGMP vaccine virus (10). Experiment 1. (i) Viremia-viscerotropism and immunogenicity of ChimeriVax-DEN1 viruses (with or without E204 mutation) in monkeys inoculated by the s.c. route. To determine if the attenuation of clone E (E204R) for infant mice correlated with decreased viscerotropism-viremia and/or immunogenicity in monkeys, we inoculated the clone E and clone J (E204K, wt prME, PMS) viruses s.c. into monkeys. Twelve flavivirus-seronegative rhesus monkeys were divided into three groups (n ϭ 4/group). Animals in each group received a single s.c. injection (approximately 5 log 10 PFU virus/0.5 ml) of virus as shown in Table 2 . During a 1-month observation period, there were no virus-related changes in clinical signs, food consumption, or body weight.
(ii) Viremia and neutralizing antibody response. As shown in Table 2 , all four monkeys inoculated with the DEN1 PMS virus without the E204 K3R mutation (clone J, group 3) became viremic. Three of four monkeys inoculated with the clone E virus and two of four monkeys inoculated with uncloned DEN1 virus (both containing the E204 mutation) became viremic. Viremia was detected in all four animals in group 3 through day 11, whereas no animal in group 1 or 2 was viremic beyond day 5 (at a level of detection of 1 log 10 PFU/ ml). The mean peak virus titers were 0.75 (1.5 for viremic animals), 1.3 (1.7 for viremic animals), and 2.5 log 10 PFU/ml for groups 1 to 3, respectively. The mean duration of viremia was 1 (2 for viremic animals), 1.5 (2 for viremic animals), and 8.5 days for groups 1 to 3, respectively. The magnitude and duration of viremia in group 3 (nonmutant, E204K) monkeys were significantly higher than the values observed for group 1 and 2 (mutant E204R) ( Table 3 ) animals. The differences in peak viremia titers and duration of viremia between group 1 and 2 animals (both inoculated with mutant E204R viruses) were not statistically significant. Despite the lack of detectable viremia in some monkeys, all animals developed neutralizing antibody titers against homologous viruses ( Table 2 ). The geometric mean neutralizing antibody titers (GMT PRNT 50 ) were 538, 3,620, and 8,611 for groups 1, 2, and 3, respectively. Consistent with the level of viremia, the neutralizing antibody titers in monkeys immunized with the PMS virus (group 3, nonmutant, E204K) were significantly higher than the values for the other two groups (groups 1 and 2, with E204R mutations) ( Table 2 ). The sera of group 1 monkeys (immunized with a DEN1 chimera with two amino acid substitutions in the envelope proteins [M39 H3R and E204 K3R]) had the lowest neutralizing antibody titers. Experiment 2. (i) Safety and NV of ChimeriVax-DEN1 viruses (with or without the E204 mutation) in cynomolgus monkeys inoculated by the i.c. route. Results from the inoculation of suckling mice with clone E indicated that the K3R substitution at the E204 residue affects the NV of the DEN1 chimera for infant mice. Subsequently, when clone E was in- oculated into monkeys by the s.c. route, it induced a significantly lower magnitude and duration of viremia than treatment with a nonmutant virus (clone J PMS, P7). Interestingly, when clone J was passaged in Vero cells to produce the cGMP VL at P10, it acquired the same nucleotide change (nt 1590 A3G transition, resulting in K3R amino acid substitution) that was present in clone E. Similarly, the VL virus (P10) was less NV than the PMS (P7) virus in infant mice (10) . Since attenuation of the DEN1 vaccine was dependent on a single amino acid substitution in the E protein (E204R), which theoretically could revert to the wt sequence (E204K) after vaccination, the safety profile of the nonmutant virus (E204K) was evaluated following i.c. inoculation of monkeys. Three groups of monkeys (n ϭ 6/group) were inoculated i.c. with ChimeriVax-DEN1 PMS (P7, E204K), ChimeriVax-DEN1 VL (P10, E204R), or YF-VAX (as a reference). The animals were monitored for 30 days for clinical signs and then euthanized for pathological evaluations.
(ii) Viremia. All six cynomolgus monkeys inoculated with the nonmutant PMS virus (E204K, group 1) became viremic. The duration of viremia was generally 4 to 5 days, with peak titers ranging from 1 to 3.3 log 10 PFU/ml ( Table 4 ). The mean duration of viremia was 4.2 days, with a mean peak viremia titer of 2.5 log 10 PFU/ml ( Table 5 ). Five of six monkeys inoculated with the mutant VL virus (E204R, group 2) became viremic. The duration of viremia was generally 1 to 4 days, with peak titers ranging from 1 to 2.1 log 10 PFU/ml ( Table 4 ). The mean duration was 2.5 days (3 days for viremic animals), with a mean peak viremia of 1.4 (1.6 for viremic animals) log 10 PFU/ml (Table 5 ). All six monkeys inoculated with YF-VAX (group 3) became viremic. The duration of viremia was generally 2 to 4 days (with one exception, in which a viral titer of 50 5,120 50 1,600
a For group 1 versus group 2, P Ͻ 0.016; for group 1 versus group 3, P Ͻ 0.664; for group 2 versus group 3, P Ͻ 0.021. P values in bold are considered statistically significant.
b Monkeys were inoculated on day 1. c -, Ͻ 1.0 log 10 PFU/ml. a For group 1 versus group 2, P Ͻ 0.021 for mean titers and 0.047 for mean durations; for group 1 versus group 3, P Ͻ 0.47 for mean titers and 0.025 for mean durations; for group 2 versus group 3, P Ͻ 0.081 for mean titers and 0.71 for mean durations. P values shown in bold are considered statistically significant.
b Numbers in parentheses are for viremic animals only.
1 log 10 PFU/ml was observed at 9 days postinoculation following 4 days of undetectable titer), with peak titers ranging from 1 to 3 log 10 PFU/ml ( Table 4 ). The mean number of viremic days was 2.8 days, and the mean peak viremia was 2.2 log 10 PFU/ml ( Table 5 ). The peak duration and titer of viremia for group 1 were significantly higher than those for group 2. When group 1 (E204K) was compared with group 3 (YF-VAX), only the duration of viremia, but not the magnitude, was statistically different between the two groups. The duration and magnitude of viremia for the VL virus (E204R, group 2) were similar to those observed for YF-VAX (Table 5) . For all groups, monkey viremia titers were below 500 and 100 mouse i.c. 50% lethal dose values (estimated to equal ϳ20,000 and ϳ4,000 PFU/0.03 ml [12] , respectively, for YF-VAX), which are the maximum acceptable titers for individual monkey and group (i.e., present in no more than 10% of the monkeys) titers, respectively, as established under the WHO requirements for the YF 17D vaccine (38) . (iii) Immunogenicity. All monkeys seroconverted after treatment with PMS or VL virus (Table 4) . PRNT 50 values ranged from 1,280 to 5,120 and from 2,560 to 10,240 in the PMS and VL virus-treated groups, respectively, and no monkey had cross-reacting antibodies to the YF 17D virus (data not shown). Antibody levels varied inversely with viremia levels for the two ChimeriVax-DEN1-treated groups (Table 4 ). All monkeys seroconverted after inoculation with YF-VAX. On day 31, PRNT 50 values against YF virus ranged from 640 to 2,560. A day 31 serum from one of the YF-VAX-treated monkeys cross-reacted with heterologous DEN1 virus in a PRNT 50 assay (data not shown). Such antibody cross-reactivity is not unexpected among flaviviruses. However, a remote exposure of this monkey to a heterologous flavivirus prior to prestudy antibody screening cannot be excluded.
Histopathology. Vaccine-related histopathologic findings in non-central nervous system tissues were minimal to mild splenic lymphoid hyperplasia in four of six, three of six, and six of six animals treated with the ChimeriVax-DEN1 PMS (E204K, nonmutant), ChimeriVax-DEN1 VL (containing the E204R mutation), or YF-VAX virus, respectively (Table 6 ). Lymphoid hyperplasia was considered secondary to immunostimulation in this study.
Central nervous system lesions were observed in one of six, five of six, and five of six monkeys inoculated with the ChimeriVax-DEN1 PMS, ChimeriVax-DEN1 VL, or YF-VAX virus, respectively. All of these lesions were inflammatory, with minimal and mild severity (grade 1 or 2). Scanty, mostly perivascular, infiltrates were noted in the brains and/or spinal cords of those monkeys with lesions. There was no involvement of neurons in any animal. Lesions in the ChimeriVax-DEN1-treated groups were generally minimal (grade 1), although one brain section of one monkey (F22205 M) that received the VL virus had a mild (grade 2) lesion. In the YF-VAX-treated group, grade 2 lesions were present in several sections of the brain in four monkeys. Target-area, discriminator-area, and combined lesion scores for ChimeriVax-DEN1-treated groups were much lower than those for the reference YF-VAXtreated group (Table 6 ). The differences in lesion scores in target and discriminator areas between the two ChimeriVax-DEN1-treated groups were not statistically significant (Table  6 ). a For group 1 versus group 2, P values were 0.092, 0.25, and 0.055 for target area scores, discriminatory area scores, and combined scores, respectively for group 1 versus group 3, P values were 0.009, 0.016, and 0.010; for group 2 versus group 3, P values were 0.034, 0.027, and 0.021; for groups 1 and 2 versus group 3, P values were 0.0048, 0.0059, and 0.0032. P values shown in bold are considered statistically significant.
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Growth kinetics of ChimeriVax-DEN1 virus (with or without the E204 mutation) in HepG2 hepatoma cells. Both the ChimeriVax-DEN1 and parent wt DEN1 viruses grew slower and to significantly lower titers than the YF-VAX virus in HepG2 cells. Peak titers were noted on days 9, 8, 7, and 5 for the wt DEN1, nonmutant ChimeriVax-DEN1 PMS, ChimeriVax-DEN1 VL containing the E204 K3R mutation, and YF-VAX viruses, respectively. The virus concentrations at peak levels were ϳ3.2, 3.6, 4.1, and 7.8 log 10 PFU/ml for the wt DEN1, ChimeriVax-DEN1 PMS, ChimeriVax-DEN1 VL, and YF-VAX viruses, respectively (Fig. 1) .
Growth of ChimeriVax-DEN1 virus (with or without the E204 mutation) in mosquitoes. The rationale for the next experiment was to ensure that the ChimeriVax-DEN1 mutant vaccine will remain safe in the human host and will not replicate in mosquitoes even if it reverts to the wt sequence in a vaccinated individual. The replication of ChimeriVax-DEN1 viruses was evaluated in mosquitoes. A. aegypti mosquitoes were inoculated by the i.t. route with nonmutant ChimeriVax-DEN1 PMS, ChimeriVax-DEN1 VL containing the E204 K3R mutation, wt DEN1 (strain PUO359), and YF 17D viruses. The growth of the viruses in the mosquitoes over 10 days was compared (Fig. 2 ). There were no significant differences in replication between the two chimeric viruses and YF 17D virus. The wt DEN1 virus titer was approximately 0.5 to 2.5 log higher than the titers of both the ChimeriVax-DEN1 viruses over the 10-day time period (Fig. 2) .
Effect of E204 mutation on structure of E protein. The homology structure of 394 residues of the DEN1 E-protein ectodomain (strain PUO 359, representing the E protein of ChimeriVax-DEN1 [PMS, P7]) was modeled based on the known structure of the DEN2 virus (25) (Fig. 3A and B) . The K residue at position 204 was changed to R, and the modeling was repeated for the mutant virus to represent the E-protein structure of the ChimeriVax-DEN1 (VL, P10) virus (Fig. 3C) . Residue 204 is located within a short loop connecting the beta strands f and g of domain II (Fig. 3A) and is in proximity with the two alpha helices, alph-A and alph-B. Domain II also carries the conserved fusion peptide in its tip. This short loop is located within a hydrophobic pocket lined by residues that influence NV or the pH threshold for viral fusion (25) . Figure  3B shows a close-up of the corresponding area in Fig. 3A with the amino acid 204K shown in stick representation. The side chain amino and imino groups of 204K and 261H make H bonds with the carbonyl oxygen (O) atoms of 252V (2.7 Å apart) and 253L (2.65 Å apart), respectively (Fig. 3B) . In contrast, the mutation at 204 from K to R results in a local rearrangement, in which the distances of 204R and 261H to 252V and 253L increase to 5.10 and 8.11 Å , respectively. This movement results in the loss of intermolecular (i.e., between the two E monomers) H bonds between these residues. Instead, the guanidinium group of the 204R side chain in the mutant virus seems to make new intramolecular (i.e., within the same E monomer) bonds involving the imino group of 261H and the carboxylate O atoms of 257E (3.01 and ϳ2.9 Å away from the guanidinium group, respectively) (Fig. 3C) . The proximity of 204R and 257E suggests a salt bridge rather than H bonds, since both of them are charged at a neutral pH. Another interesting observation is that the side chain of 261H in the mutant virus is flipped compared to its position in the wt structure (compare the positions of 261H in Fig. 3B and C) .
DISCUSSION
Cloned vaccine viruses were produced by the transfection of Vero cells and subsequent plaque purification. This was an effective selection strategy to minimize undesired mutations because cloned viruses appeared to accumulate fewer mutations than uncloned viruses (31) . Initially, two plaques (clones A and B) for each virus were subjected to direct plaque-toplaque purification, which generally led to a mutation-free PMS stock virus at P7, with one exception; the first two plaquepurified clones of ChimeriVax-DEN1 virus contained mutations at E251 (V to F [clone B]) or E251 (V to F) and E435 (L to I) (clone A) (31) . Several other clones needed to be plaque purified and sequenced to find a mutation-free PMS virus candidate. The 10th clone (clone J) was found to be mutationfree and was selected for further vaccine manufacturing. Representatives of different mutant clones were tested in a sensitive suckling mouse model that was shown to be capable of Growth of chimeriVax-DEN1 PMS (P7), vaccine (P10), YF-VAX, and wt DEN1 (strain PUO359, donor of PrME genes for ChimeriVax-DEN1 virus) viruses in i.t. inoculated A. aegypti mosquitoes. Squares, wt DEN1 (parent PUO359); diamonds, ChimeriVax-DEN1 P7; triangles, ChimeriVax-DEN1 P10; circles, YF-VAX. Virus titers, calculated as mean (Ϯ standard deviation) log 10 RNA transcripts/ml for three mosquitoes at each time point, were determined by real-time reverse transcription-PCR.
identifying a minor change in NV associated with a single amino acid substitution (29) . All of the clones, except clone E, had NV phenotypes that were similar to that of the nonmutant clone (clone J) or uncloned (no mutations at Vero P2) virus. The NV of clone E was significantly reduced, as measured by survival analysis. Sequencing of clone E had revealed a single amino acid substitution (204K3R) in the E protein. Interestingly, an earlier uncloned version of this virus (ChimeriVax-DEN1, uncloned P4, 1999) contained the same amino acid substitution (in addition to another mutation [M39 H3R] in the M protein), was highly attenuated in mice, and induced a low level of viremia in monkeys (8, 9) . The effect of this Eprotein mutation on the viscerotropism (the induction of viremia) of the virus was assessed by s.c. inoculation of monkeys with ChimeriVax-DEN1 viruses containing (clone E, P6) or missing (clone J, P7) the E204 mutation. The uncloned ChimeriVax-DEN1 (P4, 1999) virus was selected as a reference strain, because its viremia and immunogenicity profiles had already been evaluated in monkeys, in both monovalent and tetravalent (combined with three other chimeras) vaccine preparations (8) . The lowest level of viremia and the shortest duration of viremia were produced with the uncloned virus (with M39 and E204 substitutions). The highest peak viremia and the longest duration of viremia were induced by clone J (nonmutant). The levels of neutralizing antibody titers correlated with the magnitude of viremia; the nonmutant virus produced a significantly higher level of viremia and neutralizing antibody response than the two mutant viruses. All three viruses were well tolerated, and there were no test article-related changes in clinical signs, body weight, or food consumption. Upon further passages of clone J (PMS, P7) to produce master seed (P8), production seed (P9), and VL (P10) stocks, the same amino acid substitution (E240 K3R) was found in the VL virus. Sequencing revealed that this mutation first appeared at P8, was completely established at P10 (no virus could be found by consensus sequencing that did not have this mutation), was stable throughout multiple passages in Vero cells (up to P20), and resulted in an increase in plaque size (10) .
The ChimeriVax-DEN1 virus containing the single amino acid substitution at E204 demonstrated a higher level of attenuation than the nonmutant virus with respect to NV and viscerotropism. This mutation arose spontaneously during passage of the nonmutant PMS (P7) virus during manufacture of the VL (P10) virus and appears to be an adaptation to replication in Vero cells. Since reversion to the wt sequence could occur during replication in the host, leading to an increase in virulence, we evaluated the safety profile of mutant and nonmutant viruses.
To assess the replication of these viruses in brain tissues, we inoculated monkeys i.c. with a mutant (VL) or nonmutant (PMS) virus and the reference YF-VAX virus. The only vaccine-related adverse effect was central nervous system inflam- mation that occurred less frequently and with a lower magnitude for the ChimeriVax-DEN1 PMS (E204K) and ChimeriVax-DEN1 VL (E204R) viruses than for the YF-VAX virus. The histopathological scores for the VL virus were slightly higher than those for the PMS virus, but these differences (target areas and discriminator areas) were not statistically significant and the scores for both ChimeriVax-DEN1 viruses were significantly lower than the scores for the licensed YF 17D vaccine, YF-VAX (Table 6 ). Since ChimeriVax-DEN variants both with and without the E204 mutation had such minimal lesion scores, it was not possible to demonstrate a lower NV in monkeys for the VL (E204R) variant, as was seen in a more sensitive suckling mouse model. As observed for monkeys inoculated by the s.c. route, viremia produced with the nonmutant virus (PMS) in i.c. inoculated monkeys was significantly higher than that observed in the VL virus (mutant) group. In all cases, viremia levels remained within the acceptable limits for individual monkey and group titers established under the WHO requirements for the YF 17D vaccine (38) . All monkeys seroconverted after i.c. inoculation with either ChimeriVax-DEN1 virus. Antibody levels varied inversely with viremia levels for both DEN1 virus-treated groups. A similar inverse relationship between viremia level and neutralizing antibody response was observed when monkeys were inoculated with a tetravalent ChimeriVax-DEN1-4 vaccine formulation by the i.c. route (10) . It is likely that the lower viremia reflects a robust innate immune response, which in turn enhances the adaptive (antibody) response to the virus. Previously, an inverse relationship between the level of viremia (viscerotropism) and histopathological brain scores was also observed with a mutant of a ChimeriVax-JE vaccine virus (E279 M3K) after i.c. inoculations (29) . In that study, Monath, and F. Guirakhoo, unpublished data). ChimeriVax-DEN1-4 replicated to significantly lower titers than YF-VAX in all HepG2 and THLE-3 cells, but not in Huh7 cells. However, when Huh7 cells were transplanted into SCID mice, attenuated and virulent DEN viruses could be differentiated (2) . ChimeriVax-DEN1 strains with and without the K3R mutation at the E204 residue grew significantly less well (approximately 4 log 10 PFU/ml) than YF-VAX. These data indicate that in the case of an R-to-K reversion at E204 of the ChimeriVax-DEN1 vaccine, the hepatotropism of the virus would remain significantly lower than that of YF-VAX. The high growth rates of YF-VAX in HepG2 and THLE-3 (S. Brandler et al., unpublished data) hepatic cell lines may correlate with severe and fatal hepatitis cases that have been reported for the YF 17D or YF 17DD strain in susceptible persons (27) . Recent studies have described severe and fatal viscerotropic adverse events resembling wt YF virus infection associated with YF 17D vaccines (4, 23, 24, 26, 36) . Sequencing evidence suggests that these adverse reactions might represent an aberrant host response to the YF 17D vaccine strain rather than a reversion of the vaccine virus to the wt (7, 24) . The acquired and genetic host factors responsible for these adverse events (occurring at an estimated rate of 1:400,000) (4, 24, 26, 36) are unknown at present, although advanced age appears to play a role (23) . In a healthy individual, the YF 17D vaccine induces a low level of viremia (ϳ2 log 10 PFU/ml) with a short duration (3 to 4 days) and is quickly controlled and eliminated by the innate immune system before it can target liver parenchymal cells. Alternatively, it is possible that even if the virus reaches the liver, the infection can be blocked by Kupffer cells, which are macrophages residing in the liver, and result in aborted virus replication and the prevention of liver tissue injury. A wt DEN1 virus (strain Oster, isolated from a human case of DEN virus infection in 1989) was shown to penetrate human Kupffer cells (isolated from liver specimens) but did not produce viral progeny since it underwent apoptosis and was cleared by phagocytosis, even when infection was carried out at an extremely high MOI (100 PFU/cell) (22) . The lack of ChimeriVax-DEN1-4 and wt DEN1-4 growth in hepatoma and normal hepatic cell lines (S. Brandler et al., unpublished data) demonstrated that the hepatotropism of ChimeriVax-DEN viruses is largely controlled by the prME genes, which are derived from DEN viruses. Whether the rate of rare viscerotropic adverse events in ChimeriVax-DEN-vaccinated individuals is lower than that for the YF-17D virus remains to be determined.
A further safety test included infections of A. aegypti mosquitoes, the principal vector for both YF and DEN viruses, by ChimeriVax-DEN1 viruses with or without the E204 mutation. Both chimeras and the YF 17D virus grew to similar levels, which were lower than that of the wt DEN1 virus parent. Similar to ChimeriVax-JE (1) and ChimeriVax-WN (15) viruses, the chimeric DEN1 vaccine virus replicated poorly in C6/36 mosquito-derived cells, did not infect susceptible mosquitoes (Aedes albopictus and A. Aegypti) by the oral route, and replicated to a level similar (which was lower than that of the wt DEN parent viruses) to that of YF-VAX by the i.t. route (14) . These data indicate that the ChimeriVax-DEN1 virus remains safe (i.e., it does not become NV, is unlikely to become hepatotropic, and is unlikely to be transmitted by mosquitoes), even if it reverts to the wt sequence in a vaccinated individual.
The structure of the ChimeriVax-DEN1 (PMS, P7) E protein was modeled based on the atomic coordinates of 394 residues of the DEN2 E-protein ectodomain (S1 strain) determined in the presence of the detergent n-octyl-␤-D-glucoside (25) . The K residue at position 204 (204K) lines the interior of a ligand binding pocket. The mutations residing in the interior of this pocket are shown to affect the fusion or NV of flavivi-ruses (20, 29) . The homology model of the E-homodimer structure of the vaccine virus (204R) was compared to that of the PMS (204K) virus. The side chains of 204K and 261H of one E monomer appeared to make H bonds with the backbone atoms of 252V and 253L of the opposite monomer. At position 204, the R in the E protein of the vaccine virus is predicted to reorient itself so that these H bonds are lost. Instead, the side chain of the mutant R is in proximity with 261H and 257E, resulting in the generation of new intramolecular H bonds between R and H and probably of a new salt bridge between R and E. Since the pK of histidine could be approximately 6.0, which is slightly below the fusion threshold (pH ϳ6.4), we hypothesize that the predicted new H bonds between 204R and 261H and the salt bridge between R and E may affect the pH threshold of fusion. These changes might also have a significant impact on the dissociation of E monomers, the conformational changes in the finger-like domain II that are necessary for the transition to a trimer, and the subsequent fusion and infectivity of the virus. In a similar situation, a Vero cellderived mutant of DEN3 virus with an E202 K-to-R substitution was shown to have a lower pH threshold for fusion than the wt parent virus (20) . Because the DEN3 E protein is two amino acids shorter than those of the other three serotypes, the E202 residue in this virus is homologous to E204 in DEN1, -2, and -4 viruses. Interestingly, a mutant of the ChimeriVax-JE vaccine virus (29) with a reversion from M to K at residue 279 revealed a phenotype similar to that of the ChimeriVax-DEN1 virus; both mutant viruses induced lower viremia (viscerotropism) but slightly more brain lesions than the parent viruses in monkeys inoculated by the i.c. route, and both mutations mapped within the interior of the previously described ligand binding pocket (25) .
In summary, the E204 mutation from K to R in ChimeriVax-DEN1 attenuated the virus for 4-day-old suckling mice and reduced viremia in monkeys inoculated by the s.c. or i.c. route. This mutation, however, did not affect the growth characteristics of the virus in human dendritic cells (data not shown) or hepatoma cells or in A. aegypti, a mosquito vector for both YF and DEN viruses. These studies indicate that in the hypothetical case of reversion of the mutation to the wt in a ChimeriVax-DEN1-vaccinated individual, the virus should remain highly attenuated and safe. Currently, the ChimeriVax-DEN1 mutant virus is being used as a component for a tetravalent vaccine formulation to be tested in upcoming clinical trials.
